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A series of defective graphenes containing or not N, B, S and other heteroatoms 
exhibit general activity as metal-free catalysts for the hydrogenation of C=C double bonds by 
hydrazine in the presence of oxygen. The best performing graphene was the one obtained 
from pyrolysis of alginate and subsequent exfoliation by sonication. The material was 
reusable in three consecutive runs without decay in its catalytic activity and it exhibits 99 % 
chemoselectivity for C=C double bond vs. nitro group hydrogenation in contrast with 
conventional Pd supported on carbon that is almost unselective. Theoretical calculations 
using a model for defective graphene for styrene hydrogenation show adsorption of substrate 
by π-π stacking resulting in activation of the double bond and a direct interaction of cis-







  Hydrogenation of multiple bonds is a very important organic reaction which is often 
catalyzed by expensive homogeneous/heterogeneous metal catalysts including Pd, Pt and 
Rh.1 However, two of the major limitations of this reduction reaction are the high cost of the 
precious metals used as catalysts and the use of the flammable hydrogen gas. In this context, 
the search for first-row transition-metal catalysts such as cobalt complex,2 arene-cobalt and 
arene-iron catalyst,3 Fe nanoparticles,4 Fe nanoparticles supported on functionalized 
graphene,5 and Fe3O4 embedded on graphene oxide (GO) that could act as alternative 
catalysts of noble metals is an active area of research.6 Defective graphenes (Gs) derived 
from biomass after pyrolysis and exfoliation have been recently reported as metal-free 
catalysts for hydrogenation nitroaromatics7 and selective reduction of alkynes.8 
Besides the use of molecular hydrogen as reagent, hydrazine hydrate has also been 
used as hydrogen carrier in the liquid phase reduction of nitroarenes with appropriate 
catalysts.9-11 The use of hydrogen carriers as alternative of hydrogen gas is advantageous in 
certain cases from the viewpoint of the experimental conditions, since it avoids the use of 
hazardous, explosive gases and the reaction can be carried out in open reactors.  
In view of the above comments, it would be of interest to explore the potential of 
defective Gs as C=C double bond hydrogenation catalysts using hydrazine as hydrogen 
carrier. Besides proving the catalytic activity of defective Gs as metal-free catalysts, another 
issue of interest is to compare its catalytic activity with other carbon allotropes and, 
particularly, carbon nanotubes (CNTs). 
In a series of seminal papers, Su and co-workers reported that single walled CNTs12 
or B-doped CNTs13 can act as metal free catalysts for hydrogenation of nitro compounds to 
amines using hydrazine as reducing agent. By means of model compounds, it was proposed 
3 
 
that the active sites involved in the process are not hydroxyls or carboxylic acids, but keto 
groups in defective positions.14 In comparison with CNTs that can be prepared with low 
oxygen content due to the composition of the precursors, typically methane or other 
hydrocarbons, defective Gs obtained by pyrolysis of natural polysaccharides such as alginate 
or chitosan contain a residual percentage of oxygen from the starting material that is 
generally in the range of 7-10 wt% when the process is carried out at 900 oC.15 Therefore, 
considering that the nature of active sites in single-walled CNTs and Gs are frequently the 
same, it can be expected that also defective Gs should exhibit catalytic activity for 
hydrogenation using hydrazine as hydrogen carrier in the presence of oxygen, but with the 
advantage of having a larger content of oxygenated functional groups and, therefore, 
presumably higher catalytic activity.  
The present manuscript reports the activity of a series of undoped and doped defective 
Gs obtained from pyrolysis of natural biomass polymers as catalysts for the hydrogenation of 
C=C double bonds by hydrazine in the presence of oxygen, as well as some theoretical 
calculations on a model to gain information on the reaction mechanism. 
2. Experimental section 
2.1 Catalysts 
Graphenes used in the present study were prepared by pyrolysis of natural 
polysaccharides as previously reported (see for the original references).16, 17 
Preparation of GO. Graphite powder (3 g) was suspended in a mixture of concentrated 
H2SO4/H3PO4 (360:40 ml) at 0 oC cooling with an ice bath. Then, KMnO4 (18 g) was added 
carefully to this mixture, whereby the occurrence of an exothermic reaction raising the 
temperature to 35-40 ºC was observed. (Attention: Risk of explosion! Addition of KMnO4 
has to be made in lump portions of about 0.5 g each, particularly at the beginning of the 
reactions). This reaction mixture was then heated to 50 ºC under stirring for 12 h. The 
reaction was cooled to room temperature and poured into 400 g of ice containing 30 % H2O2 
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(3 ml). The suspension was allowed to cool at room temperature and, then, it was filtered, the 
solid washed with 1:10 HCl (37 %) solution and, then, further with water. The solid was 
collected and sonicated with 400 ml of water for 30 min and centrifuged at 4000 rpm for 4 h. 
The supernatant was centrifuged at 15000 rpm for 1 h. The resulting GO obtained after 
centrifugation at 15000 rpm was dried at 60 ºC.  
Preparation of G. Sodium alginate (Sigma, from brown algae) was pyrolized in Ar 
atmosphere, heating according to the following oven program: 200 0C during 2 h for 
annealing and, afterwards, heating at 10 0C min-1 up to 900 0C for 6 h. This multilayer 
graphene powder was sonicated at 700 W for 1 h to obtain dispersed G.  
Preparation of (N)G. Low molecular weight chitosan (Aldrich) was submitted to pyrolysis 
under Ar according to the following oven program: 200 oC for 2 h to anneal the powder and 
then heating at 10 0C/ min up to 900 oC for 6 h. The resulting carbonaceous residue was 
sonicated at 700 W for 1 h to obtain dispersed (N)G. The nitrogen content of the sample was 
7.8 wt %, as determined by combustion chemical analysis using a CHNS FISONS elemental 
analyser. 
Preparation of (B)G. 0.5 g of sodium alginate as powder (Sigma) was dissolved in a boric 
acid aqueous solution (50 mg of HBO3 in 50 ml of water). The viscous solution was filtered 
under pressure using syringe filters of 0.45 μm of pore diameter to remove solid particles 
typically present in commercial alginate. The gel was concentrated by water evaporation in 
an oven at 100 oC overnight. Pyrolysis was performed under Ar flow (1 cm3 min-1) using the 
following oven program: 200 oC for 2 h to anneal the powders and then using heating at 10 
0C/ min up to 900 0C for 6 h. The resulting carbonaceous residue was sonicated at 700 W for 
1 h to obtain dispersed (B)G in water. The boron content was determined by the quantitative 
analysis provided by XPS giving a value of 2.2 wt %.  
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Preparation of (B, N)G. Low molecular weight chitosan (Aldrich) (1.00 g) was added into a 
boric acid aqueous solution (400 mg of HBO3 in 25 ml of water). An additional amount of 
acetic acid (0.45 g) was necessary for complete chitosan dissolution. Insoluble solid particles 
were removed by centrifugation at 6000 rpm during 15 min, removing the impurities present 
in the bottom. The resulting gel was concentrated by drying in an oven at 100 oC overnight. 
Pyrolysis was carried out under Ar flow (1 cm3 min-1)  using the following oven program: 
200 oC for 2 h to anneal the powder and then heating at 10 0C/ min up to 900 oC for 6 h. The 
resulting carbonaceous residue was sonicated at 700 W during 1h to obtain dispersed (B,N)G 
in aqueous phase. The boron and nitrogen content of the sample was determined by the 
quantitative analysis provided by XPS giving values of 3.8 wt % of nitrogen and 3.7 wt % of 
boron. 
Preparation of (S)G. Commercially available λ-carrageenan (Sigma Aldrich ref. 22049) was 
pyrolized under Ar flow (1 cm3 min-1), first annealing the powder at 200 °C for 2 h and, then, 
heating at 10 °C/min up to 900 °C for 6 h. The resulting graphitic powder was sonicated at 
700 W for 1 h in water to obtain dispersed (S)G aqueous suspensions. The sulfur content of 
(S)G was 4.4 wt % determined by combustion chemical analysis using a CHNS FISONS 
elemental analyser. 
2.2 Reaction procedure 
In a typical reaction, 20 mg of the catalyst were suspended in 2 mL of ethanol in a 50 
mL round bottom flask. To this slurry, 1 mmol of styrene and 2 mmol of hydrazine hydrate 
were added. This reaction mixture was placed in a preheated oil bath maintained at 60 oC and 
this reaction mixture was stirred continuously for the required time. A known aliquot of 
sample was taken periodically to determine the kinetics of the reaction by injecting the 
samples in gas chromatography. The conversion of styrene was determined by gas 
chromatography using internal standard and the products were confirmed by GC-MS.  
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2.3 Computational details 
All theoretical calculations were performed by using the Gaussian 09 program 
package.18 Geometry optimizations employed the PBE0 hybrid functional at 6-311G(d,p) 
level of theory.19, 20 During these optimization no symmetry constraints were enforced and 
the equilibrium structures were verified by absence of imaginary frequencies whereas 
transition state was calculated by freezing the N-H bond of diimide moiety (Nimg = 1). A 3×3 
graphene sheet containing a nitrogen atom and different oxygen atoms such as hydroxyl, 
carbonyl and carboxyl groups was used as representative model for defective graphene. 
These models are hydrogen-terminated. However, hydrogen atoms of the edge of graphene 
models are omitted in the drawings for clarity.  
Binding energy (kcal mol-1) for π-π non-covalent contacts between graphene and 
styrene was calculated as follow:  
∆Ebind = Ecomplex – Egraphene – Estyrene 
in which, Egraphene and Estyrene are the calculated energies at PBE0/6-311G(d,p) level of theory 
for optimized structures of graphene and styrene, respectively. Following the same strategy, 
the binding energy for the NH/π was calculated by using the hybrid Minnesota functional 
M06-2X that is considered to be enough accurate for non-covalent interactions including the 
dispersion term.21, 22  
3.1 Results and discussion 
 The list of materials under study is presented in Table 1, where the origin and 
preparation conditions have been indicated as well as some analytical data. As it can be seen 
in this Table 1, the series of defective Gs includes a G sample obtained by pyrolysis at 900 oC 
of sodium alginate followed by exfoliation by sonication, as well as (N)G and (S)G obtained 
from chitosan and λ-carrageenan and containing N and S, respectively, in addition to O as co-
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dopant elements. Two boron doped Gs were also prepared by pyrolysis of borate esters of 
alginate and chitosan followed by sonication of the resulting carbon residues. All these 
materials have been reported with extensive characterization and spectroscopic data in the 
literature previously (see Table 1) and the present data from Raman spectroscopy, 
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), chemical 
analysis and atomic force microscopy (AFM) coincide well with the reported values. 
Table 1. List of catalysts used in the present work and their corresponding precursors, 
preparation method and elemental content. Preparation and detailed characterization of each 
material is described in the respective reference.   
Catalyst Precursor Preparation method Element content (wt %) Ref. C heteroatom 
G Alginate Pyrolysis at 900 °C, exfoliation 64.7
a - 
15 
GO Graphite Hummers oxidation, exfoliation  46.9
a - 
23 
(B)-G Alginate, H3BO3 




(N)-G Chitosan Pyrolysis at 900 °C, exfoliation 78.5
a 7.8(N)a 
24 
(B,N)-G Chitosan, H3BO3 











aThe values were determined by combustion chemical analysis; bThe values were determined 
by XPS analysis; cThe sample contains nanometric holes all over the sheet which may be 
originated by gas evolution during pyrolysis. 
Thus, all the samples of Table 1 exhibit in Raman spectroscopy the 2D, G and D 
bands appearing approximately at 2700, 1600 and 1350 cm-1 that are associated to their few 
layer packing, the graphenic structure and the presence of defects, respectively. XPS shows 
by analysis of the C1s peak the existence of graphenic carbons together with carbon bonded 
to oxygen by single or double bonds, carboxylic acids and carbon bonded to nitrogen or other 
doped elements. The presence of dopant elements (B, N and S) besides O was ascertained by 
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the observation of the peak corresponding to each element in XPS measurements. Analysis of 
individual components indicates that there are preferentially two types of nitrogen atoms, 
either graphenic or pyridinic in about 50:50 proportion, one type of sulphur atom associated 
to graphenic positions and two types of boron atoms having graphenic or B-O-C-C 
configuration. The single layer and few layers morphology of the particles was determined by 
AFM measurements with subnanometric vertical resolution, measuring the thickness of 
different graphenic platelets. TEM studies show the typical images with light contrast 
expected for single layer flexible G sheets, exhibiting the characteristic wrinkles, while high 
resolution TEM and electron diffraction show the hexagonal arrangement of the atoms and 
the ordering in the sheets.  Figs. 1, 2, 3 and 4 show some of the previously commented 
relevant characterization data that agree well with the reported values (see Table 1 for 
appropriate references), while the literature contains further exhaustive characterization of the 
defective G materials included in the present study.  
The series of catalysts also includes GO that was obtained from graphite by Hummers 
oxidation and subsequent exfoliation of graphite oxide by sonication, as reported.23 Also, the 
structure and properties of GO are well documented in the literature.26  
 




Fig. 2. AFM images of particles of (B)G (a), G (b) and (B,N)G (c) taken by dropping an 
aqueous dispersion of these graphenes on mica and water evaporation. The bottom panels 
correspond to height measurements along the white lines indicated in each image. The 
locations on the top frames indicated as blue crosses are indicated in the vertical height 










Fig. 4. Experimental XPS peaks and the best fitting to individual components for (S)G (a, 
C1s and S2p) and (B)G (b, C1s and B1s). 
3.2 Catalytic activity 
 In the preliminary stage of our work, the catalytic activity of defective Gs to promote 
hydrogenation of styrene to ethylbenzene by hydrazine hydrate in ethanol was tested. To 
check the influence of the presence of oxygen in the process, the reaction was carried out 
under atmospheric air or oxygen at 60 oC. Fig. 5 shows the time-conversion plot for 
hydrogenation of styrene under these two reaction conditions. It was observed that the 
reaction rate in the presence of oxygen is much higher than performing the reaction under 
air/inert atmosphere, in agreement with the role of O2.27 The presence of oxygen is 
accordance to reaction mechanism needed to promote the conversion of hydrazine to diimide 
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that undergoes spontaneous decomposition into one equivalent of nitrogen and hydrogen and 
for this reason, the reaction rate under oxygen was much higher than under air/inert 
atmosphere.27 Under our reaction conditions in an oxygen atmosphere, styrene conversion 
was complete in 8 h. In contrast, a blank control experiment using G as solid catalyst in the 
absence of hydrazine provided less than 1 % conversion of styrene after 8h at 60 oC under 
oxygen atmosphere. 




















Fig. 5. Time conversion plot for the conversion of styrene to ethylbenzene using defective G 
with or without oxygen or by sodium alginate. Reaction conditions: styrene (1 mmol), 
N2H4.H2O (2 mmol), ethanol (2 mL), oxygen ( and ●) or air atmosphere (▲), 60 oC. 
Catalyst. G ( or ▲) or sodium alginate (●) (20 mg). 
 The catalytic activity of different materials for styrene hydrogenation was checked 
under optimal reaction conditions. The time-conversion plots for the different graphenes are 
presented in Fig. 6. It was observed that (N)G and (B,N)G are much less efficient catalysts 
than the other materials of the series. It is proposed that this lower catalytic activity derives 
from the lower tendency of these N-doped G materials to undergo exfoliation to form a good 
dispersion in ethanol. Unfortunately, BET surface area measurements based on isothermal 
nitrogen adsorption on dry powders do not provide information as the surface area of these 
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materials in ethanol suspension due to the unavoidable stacking and agglomeration of the G 
sheets that occurs in dry conditions. On the other hand, the catalytic activity of the rest of the 
materials was similar, although, defective G derived from sodium alginate was somewhat 
more efficient than (B)G and (S)G. It is worth noting that the catalytic activity of GO was 
much higher than that observed for reactions using H2 as reagent and comparable at final 
reaction time to that of defective G. This is most probably due to the prompt conversion of 
GO into reduced GO (rGO) that is known to occur upon treatment of GO with hydrazine at 
room temperature.28 In this regard, under the reaction conditions where hydrazine and GO are 
heated at 60 oC, a fast conversion of GO into rGO should take place at initial stage of the 
reaction. It should also be commented that rGO and defective G from alginate are similar 
materials since both contain about 8 wt.% of residual oxygen and the nature of the 
oxygenated functionality and other defects are similar in both materials. Therefore, it is not 
surprising to notice comparable performance of GO (rGO under the reaction conditions) to 
that of the G material.  
It is also worth noting that the fact that (S)G has a similar performance, although 
somewhat lower, than G indicated that the presence of graphitic sulphur does not influence 
considerably the activity of the G sheet. This is in agreement with the graphene nature of S 
atoms in (S)G and the similar electronegativity of S and C that makes the property of S-
containing heterocycles similar to those of aromatic hydrocarbons. 
 Considering the previously reported activity of defective Gs as catalysts,29, 30 it is 
proposed that in the present case hydrogenation of styrene also follows the reported reaction 
mechanism, involving the oxidative transformation of hydrazine to diimide. Subsequently 
diimide can either react directly with the unsaturated C=C double bond31 or undergo 
decomposition to hydrogen that after generation follows the previously reported mechanism 
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for hydrogenation of C=C bonds by molecular hydrogen involving frustrated Lewis acid base 
pairs and or carbon vacancies.  






















Fig. 6. Comparison of time conversion plots for defective G materials in the reduction of 
styrene to ethylbenzene. Reaction conditions: styrene (1 mmol), N2H4.H2O (2 mmol), ethanol 
(2 mL), oxygen atmosphere, 60 oC, catalyst (20 mg). 
 One of the advantages of heterogeneous catalysts is their easy recovery from the 
reaction mixture and the possibility to reuse in consecutive runs. Reusability of the catalyst is 
related to its stability under the reaction conditions. In this context, defective G was used as 
catalyst for three consecutive hydrogenation reactions of styrene under the optimized reaction 
conditions without observing any activity decay, exhibiting identical activity. Fig. 7 presents 
















Number of reuses  
Fig. 7. Reusability of G for the reduction of styrene to ethylbenzene. 
In order to understand the importance of developing carbocatalyst, the performance 
and chemoselectivity of G was compared under identical reaction conditions with 10 wt% 
Pd/C in the hydrogenation of 3-nitrostyrene. This compound has been extensively used as a 
model substrate to evaluate the activity of Au catalysts to determine the preferential 
hydrogenation of nitro groups versus C=C double bond.32 In the present case, the use of 10 
wt% Pd/C showed the reduction of nitro as well as C=C double bond with almost equal 
selectivity in about 1.5 h under the reaction conditions. In contrast, the reduction of 3-
nitrostyrene using G as catalyst exhibited high selectivity with respect to the reduction of 
C=C double bond and nitro group being essentially unaffected, although longer reaction 
times were required. Scheme 1 compares the catalytic activity between Pd/C and G, showing 
that the later catalyst exhibits a remarkable chemoselectivity for the hydrogenation of C=C 









Scheme 1. Comparison of the catalytic activity of G and Pd/C in the reduction of 3-
nitrostyrene in ethanol at 60 oC. Reaction conditions: 3-nitrostyrene (1 mmol), N2H4.H2O (2 
mmol), ethanol (2 mL), oxygen atmosphere, 60 oC, catalyst either G (20 mg) for 28 h or Pd/C 
(10 mg) for 1.5 h. 
The scope of the catalytic activity of G by hydrazine was screened by studying 
various substituted styrenes as well as related conjugated C=C bonds and allylic, cyclic and 
acyclic terminal alkenes. The results obtained are summarized in Table 2. As it can be seen 
there, styrene and their derivatives resulted very high conversion with almost complete 
selectivity towards their respective reduced products. Sterically hindered styrenes like t-
anethole and α-methylstyrene were converted to their corresponding product in 91% and 
88% conversions with complete selectivity under the optimized reaction conditions. 
Furthermore, t-stilbene was smoothly converted to 1,2-diphenylethane in 92% conversion 
with complete selectivity. A complete conversion and selectivity was also observed in the 
reduction of 2-vinylnaphthalene under the present experimental conditions. Similarly, 
selective hydrogenation relative to hydrogenolysis is a challenging reaction33-35 in substrate 
like allyl phenyl ether. Under the present experimental conditions, this allylic ether was 
selectively reduced to the corresponding saturated phenyl ether without any cleavage of C-O 
bond. Furthermore, metal nanoparticles are known to strongly adsorb sulfur-containing 
molecules and, thus, sulfides are frequently poisons of traditional metal based heterogeneous 
catalysts. In this aspect, we wanted to check the catalytic activity of G for the reduction of 
allyl phenyl sulphide under the present experimental conditions. To our delight, the allyl 
sulfide was hydrogenated to the corresponding reduced product in 94 % conversion with 
17 
 
complete selectivity. On the other hand, vinylcyclooctane, cis-cyclooctene and 1-decene were 
also hydrogenated to their respective products in high conversion and selectivity. An attempt 
to reduce 1-phenylcyclohexene showed 14 % conversion after 48 h and this low activity can 
be probably due to steric encumbrance around tertiary cyclic alkene. Also, N-
vinylcaprolactam in where a terminal alkene is connected to the amide nitrogen atom 
required longer time for complete conversion (entry 16, Table 2), probably due to low 
electron density of this C=C bond, having electron withdrawing substituents. In contrast, 
most of the conjugated C=C double bonds gave high conversions under the present reaction 
conditions.  










1 Styrene 7 100 100 
2 4-Chlorostyrene 17 100 100 
3 4-Methoxystyrene 18 100 100 
4 4-Fluorostyrene 24 88 100 
5 3-Nitrostyrene 28 98 99 
6 t-Anethole 24 91 100 
7 α-Methylstyrene 24 88 100 
8 t-Stilbene 24 92 100 
9 2-Vinylnaphthalene 7 100 100 
10 Allyl phenyl ether 28 82 100 
11 Allyl phenyl sulphide 30 94 100 
12 Vinylcyclooctane 20 100 100 
13 Cis-cyclooctene 24 76 100 
14 1-decene 16 100 100 
15 1-phenylcyclohexene 48 14 100 
16 N-Vinylcaprolactam 24 62 100 
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aReaction conditions: olefin (1 mmol), N2H4.H2O (2 mmol), G (20 mg), ethanol (2 mL), 
oxygen atmosphere, 60 oC. bDetermined by GC. 
Theoretical calculations based on a 3 × 3 graphene sheet model were applied to 
understand the catalytic activity of G as free metal catalyst. The optimized structure of this 
model (Fig. 8) shows a completely planar structure with a C(sp2)−C(sp2) bond length about 
1.42 Å. The model was implemented with hydroxyl, carbonyl and carboxyl groups that 
should be present on the graphene sheet as consequence of the residual oxygen content in 
defective graphenes obtained from pyrolysis of polysaccharides. Moreover, these 
functionalities together with the pyridine moiety induce an average on the C(sp2)−C(sp2) 
bond length between 1.33 Å and 1.54 Å. 
 
Fig. 8. The 3 × 3 graphene sheet model optimized at PBE0/6-311G(d,p) level of theory. Color 
code: carbon is grey, oxygen is red, hydrogen is white, and nitrogen is blue. Non-polar 
hydrogen atoms at the periphery of the G model are omitted. 
This catalyst allows the stabilization of styrene and styrene-derived alkenes through 
the widely described π-π interaction.36 Thus, after the optimization styrene was located on the 
catalyst surface close to the oxidized edge. The stabilization of the catalyst···styrene system 
(∆Ebind = −5.1 kcal mol-1) leads a π-stacked structure with an equilibrium distance of 3.58 Å 
(Fig. 9). In addition, this stabilization provokes a change on the Mulliken charge distribution 
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of styrene being significant for the C=C bond (i.e. from −0.21 to −0.25 for methylene 




Fig. 9. Frontal (a) and lateral (b) views of the results of the calculations at PBE0/6-311G(d,p) 
level of theory for the interaction of styrene and the defective graphene sheet model showing 
the π−π interaction. Color code: carbon is grey, oxygen is red, hydrogen is white, and 
nitrogen is blue. Non-polar hydrogen atoms located at the periphery of of G are omitted.  
Diimide intermediate is generated from oxidation of N2H4·H2O in presence of vicinal 
carbonyl groups on the edge of graphene.37 In this situation, vicinal carbonyl groups end up 
in their reduced form (hydroxyl group) affording the aromatic catechol-like substructures as 
well as a cis diimide intermediate. The theoretical outcomes reveal that this diimide 
intermediate is firstly stabilized on the top of C=C bond strongly modifying the charge 
distribution of styrene (i.e. from −0.25 to −0.35 for methylene carbon). In fact, even trans-
configured diimide intermediate was isomerized to cis intermediate to maximize the 
interaction in which the corresponding N−H protons are pointing towards C=C bond of 
styrene moiety (RC···HN = 2.09 and 2.16 Å, respectively). The interaction with the diimide 
moiety slightly modify the distance styrene···graphene from 3.58 to 3.62 Å that are still, 
however, in the length range expected for π-π contacts. This ternary system, less stable than 
the final product, proved to be an initial pre-stabilization before the final conversion to the 
products (ethylbenzene and N2). Further insights on the origin of styrene···diimide interaction 
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suggest two kind of NH/π contacts with a calculated ∆Ebind of −6.9 kcal mol-1 at M06-2X/6-
31G(d,p) level of theory.    
The energy profile for adsorption of styrene and cis-diimide on the graphene sheet 
model, the corresponding transition state (TS) and the hydrogenation reaction are presented 
in Fig. 10. Energy calculations show that adsorption of the reagents on the graphene model 
results in a stabilization of about 0.5 eV due to the appearance of π-π interaction and NH/π 
non-covalent contacts. The calculation predicts a final stabilization of −3.63 eV after the 
complete conversion of styrene to ethylbenzene (and N2).  
 
Fig. 10. Optimized minima (Nimag = 0) and energy profile (eV) for the ternary systems 
involved in the hydrogenation of styrene. Color code: carbon is grey, oxygen is red, hydrogen 
is white, and nitrogen is blue. Non-polar hydrogen atoms of G are omitted. 
4. Conclusions 
 In the present manuscript, it has been shown that, similarly to the case reported for 
SWCNTs, also defective Gs exhibit general catalytic activity for hydrogenation of C=C 
double bonds by hydrazine as reducing agent. Among the series of doped and undoped Gs, 
the sample that exhibits the highest catalytic activity was, the material obtained by pyrolysis 







This material exhibits a general activity for hydrogenation of substituted styrenes, conjugated 
C=C double bonds, acyclic terminal alkenes, decreasing the activity for encumbered 
trisubstituted cyclic alkenes. Calculations based on a model of defective graphene as well as 
catalytic data on the influence of oxygen support that the active hydrogen species is cis-
diimide that transfer hydrogen to alkene adsorbed on the graphene sheet. Possible sites for 
hydrazine conversion could be ketone groups at defective centres that promote the oxidation 
to diimide. 
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